This article presents the exciting advances made and ongoing in the area of pharmacologic cardiac stress testing. In particular, new A 2A -specific receptor agonists work like adenosine but promise the delivery of uncomplicated vasodilator stress testing or the diagnosis and prognosis of coronary disease. These agents, although not perfect, do likely present a level of protection against the complications of bronchospasm and heart block. Phase III studies have shown that these agents promise a reduced symptom intensity and greater patient tolerance. One of these agents, regadenoson, is now Food and Drug Administration approved and will be delivered as the same single-dose bolus in all patients, regardless of weight, greatly simplifying the method and increasing its acceptability. Most widely applied with myocardial perfusion SPECT, these agents will find application with PET myocardial perfusion studies and likely MRI studies. Because of their effect on coronary supply rather than demand, they will not be applied with stress echocardiography. Before considering these agents, we will consider the principles and methods of stress testing, and particularly pharmacologic stress testing. The learning objectives of this article are to familiarize the reader with the methods and choices in stress testing for coronary disease diagnosis and prognosis, to present the advantages and disadvantages of pharmacologic stress testing, to review current pharmacologic stress-testing methods and their specific combination with imaging methods, to present the chemistry and effects of the new A 2a -specific receptor agonists and their advantages compared with existing nonspecific agents, and to help the reader better understand the clinical role of the A 2a -specific receptor agonists and their application.
The objective of all forms of stress testing in coronary artery disease (CAD) is to assess the extent and adequacy of the hyperemic response, testing the ability of the coronary circulation to augment flow (the coronary flow reserve [CFR] ) (1) . Stress testing elicits and evaluates the ischemic indicators or endpoints, symptoms or signs that may relate to a coronary supply or demand imbalance characteristic of CAD. These symptoms or signs occur in a sequence related to the extent and duration of induced ischemia. This ischemic cascade (2) includes abnormalities of perfusion, the first and precipitating event, followed by myocardial stiffening, then wall motion abnormalities, electrocardiographic ST segment changes, and chest pain. Although MRI methods now image the coronary hyperemic response, MRI has not been widely evaluated and is not widely available. The stress perfusion endpoint, induced flow heterogeneity (which is widely available currently only scintigraphically using myocardial perfusion imaging [MPI] ), seems most advantageous compared with the functional ischemic endpoint, induced wall motion abnormalities (availablewith blood-pool imaging, echocardiography, or MRI) ( Table 1) .
The hyperemic response, assessed with perfusion or functional endpoints, may be tested with dynamic exercise or dobutamine. The coronary dilators dipyridamole and adenosine induce flow heterogeneity but do not generally produce ischemia in the presence of a significant, flowlimiting coronary stenosis. Thus, they require combination with an imaging method to measure the flow response, most commonly MPI. Clinically, exercise testing, when appropriate, is always preferred to pharmacologic stress testing. Exercise testing provides information regarding patient performance and permits an evaluation of exercise-related symptoms and of the relationship between activities and symptoms. Adenosine is the naturally occurring ligand of 4 distinct subtypes (A 1 , A 2a , A 2b , and A 3 ) of cell membrane G protein-coupled receptors. Because of the difference in receptors, intermediates, and related pathways to coronary dilation, the vasodilator response to these interventions, exercise and pharmacologic stress, may differ (4).
EXERCISE AND PHARMACOLOGIC STRESS TESTING FOR CAD EVALUATION
Dynamic exercise may be viewed as an indirect test of the CFR. This type of exercise may be performed on a treadmill or bicycle and (primarily through its effect on heart rate, the leading determinant of myocardial oxygen demand) increases flow demand, which secondarily increases flow. Pharmacologic stress, as delivered by dobutamine, acts similarly to increase flow indirectly through an increase in flow demands. However, dipyridamole and adenosine act directly to increase the coronary flow.
Indirect tests of the CFR, such as dynamic treadmill or bicycle exercise or dobutamine, seek to provoke ischemic perfusion and wall motion endpoints. Here, test sensitivity is influenced by, and directly related to, the ability of the intervention to augment demand. Direct tests of the CFR (e.g., dipyridamole or adenosine) are strong and generally maximal tests seeking to provoke flow heterogeneity and are best suited to the perfusion endpoint. Because they do not depend for their effect on the augmentation of coronary flow demands, they are less likely to be influenced by antianginal treatment such as b-blockers. Dipyridamole and adenosine, compared with dynamic exercise and dobutamine, test the CFR in a primary, direct manner, increasing coronary flow supply, not myocardial oxygen demand. Thus, dipyridamole and adenosine rarely produce ischemia, an imbalance in the coronary flow supply-to-demand ratio. Both direct and indirect tests of the CFR seek to maximize the hyperemic effect (Tables 1 and 2 ).
In those who can exercise sufficiently to increase the heart rate enough to maximally augment flow demands, both exercise and vasodilator stress may maximally test the CFR. Exercise is not only preferred clinically but also preferred to vasodilator stress in these types of patients because of its occasionally increased sensitivity (4). Exercise increases flow on the basis of an endothelium-dependent, flow-mediated coronary dilation of the distal coronary resistance vessels to supply myocardial oxygen requirements. Vasodilator stress agents, such as adenosine and dipyridamole, increase flow on the basis of a direct dilation of the coronary microcirculation independent of endothelial function. Because CAD brings about endothelial dysfunction, exercise may appropriately demonstrate this reduced CFR; the vasodilator agents may not. Verna et al. demonstrated this difference when they compared the results of exercise with vasodilator stress (4) in 36 selected patients. They found that exercise was not equal to pharmacologic stress, as the former yielded much larger stress-induced defects than did the latter.
Although vasodilator stress myocardial perfusion SPECT (MPS) has been found to have diagnostic and prognostic values similar to exercise, several additional reports of direct comparisons between exercise and vasodilator MPI have shown a greater extent, severity, and reversibility of defects with exercise, compared with the use of dipyridamole on the same subjects (5-9). Nonetheless, many patients who cannot exercise sufficiently to achieve the required threshold, for which exercise is insufficient to answer the clinical question, benefit from vasodilator stress testing.
WHEN TO PERFORM PHARMACOLOGIC STRESS TESTING
Pharmacologic stress testing is applied to evaluate the cause of symptoms, signs, or perceived risk from CAD in patients who cannot exercise or who cannot exercise sufficiently to perform an adequate diagnostic or prognostic 
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exercise test. It is said that safety should not be an issue, and patients should not be studied with pharmacologic stress if it is not safe for them to exercise. However, the patients who undergo pharmacologic stress are more debilitated and limited and are likely, as a group, to be at higher risk than those who exercise. Some patients, such as those studied early after myocardial infarction, may indeed be safely studied with pharmacologic but not with exercise stress. The choice of the stress-testing method depends on the clinical question, or the test indication, not entirely on the patient's ability to exercise. For example, if an elderly woman experiences chest pain when pushing a shopping cart at a supermarket and we simply seek the cause of the pain, all that is required is an exercise test with an achieved workload similar to that of the activity that induced the symptom. Here, we would simply apply that stress, bring on the symptoms, monitor those symptoms, and observe. The specific heart rate and level of coronary flow demands achieved are not critical. However, if this same woman were to have high-risk vascular surgery, she would need a maximal assessment of coronary risk and CFR. If she could not exercise effectively or she was on treatment that blunted her rate-pressure product response, she would need effective pharmacologic stress testing in the form of coronary vasodilators.
Because these methods evaluate the perfusion endpoint, they must be performed with imaging. Vasodilator stress imaging with MPI currently accounts for roughly 50% of all stress MPI. Figure 1 demonstrates the mechanism of action of adenosine on the coronary arteries. The agent causes dilation by interacting with an A 2A receptor in what can be called a lowaffinity interaction. Here the agent is quickly released from the receptor, and its duration is short; its degradation by adenosine deaminase, a red-cell membrane-bound enzyme, is inhibited by dipyridamole, prolonging its vasodilator effect and increasing adenosine blood levels. In this way, the vasodilator properties of dipyridamole are based on increased levels of intrinsic adenosine, which binds to the A 2A receptor (Fig. 1) . It is well established that caffeine and other theophyllinelike drugs, such as aminophylline, inhibit the effects of adenosine and dipyridamole (10, 11) . Aminophylline is the adenosine antidote, which preferentially binds the A 2A receptor. Generally used with dipyridamole to end the otherwise prolonged effects of the agent, aminophylline does not reduce dipyridamole levels or reduce elevated adenosine levels but rather displaces adenosine from the receptor, ending its effects. Because of its 12-s half-time, aminophylline is generally not used with short-lived adenosine stress, as adenosine effects generally end quickly after infusion cessation.
THE MECHANISM OF CORONARY VASODILATOR STRESS TESTING
Although the mechanism is unclear, some work suggests that b-blockers can inhibit the effects of A 2A adenosine agonists, reducing test sensitivity but with some added prognostic value. Patients who have a reduced perfusion defect size on serial pharmacologic stress MPI with an added b-blocker appear to have a better prognosis and lower CAD risk than do those whose defects persist on MPI despite an added b-blocker (12). This result has been supported by data from a multicenter trial applying adenosine stress testing for prognosis in patients after myocardial infarction (MI) (13) . The application of adenosine stress MPI soon after acute MI appears well able to identify a low-risk subgroup suitable for early hospital discharge (14) . High-risk but stable survivors of MI may be treated medically when they demonstrate a high degree of imagedefect improvement on repeated pharmacologic stress MPI (14) , suggesting that the serial stress study indicates that the extent of myocardium at ischemic risk, and presumably the patient's coronary risk, are similarly reduced (15) . Fewer myocardial perfusion abnormalities are seen during exercise than during adenosine stress in patients undergoing b-blocker therapy (12, 16) . Adenosine stress testing should be preferred to exercise, to optimize diagnostic sensitivity in patients during b-blocker treatment.
Patients should not have caffeine for 24-48 h before testing and should be safely withdrawn from b-blocker treatment before the study, if possible. Dipyridamole, given therapeutically as an oral agent to reduce platelet adhesiveness in patients with prior strokes or as an ingredient of Aggrenox (Boehringer Ingelheim Pharmaceuticals, Inc.), may pose a danger during adenosine infusion, prolonging drug action and requiring an aminophylline antidote at the end of the test.
NONSELECTIVE A 2A ADENOSINE RECEPTOR AGONISTS
Adenosine and dipyridamole, the currently available vasodilators, are nonselective adenosine agonists that affect all subtypes of adenosine receptors. Adenosine may be infused in protocols requiring 4-6 min, whereas the dipyridamole infusion protocol takes 10-15 min. Despite their brevity, these agents frequently produce undesired side effects and infrequently produce complications (Table 3) . Side effects are more frequent with adenosine than with dipyridamole, but rarely do they force premature test cessation. Although side effects are ameliorated, diagnostic accuracy is not advanced when low-level exercise is added to vasodilator stress testing (17) . Induced systemic vasodilation often leads to headache, lightheadedness, flushing, nausea, reduced blood pressure, and increased heart rate. Although we all seek testing with patient comfort and would like to reduce side effects, of greatest concern are the potentially serious and even life-threatening complications. Nonspecific stimulation of the A 2B -adenosine receptors may lead to the complication of bronchospasm, and activation of the A 1 -adenosine receptors could result in bradycardia or heart block. However, patients with active bronchospasm, severely reduced 1-s forced-expiratory volume (FEV 1 ), or evidence of advanced heart block are generally excluded from vasodilator stress testing with current agents. Such patients, if suitable, may be switched to exercise stress testing. Alterna- tively, patients with mild bronchospasm and an FEV 1 above 50% of that predicted may be treated with bronchodilators and then studied by a conservative adenosine protocol. Here, safety may be increased with a serial monitored adenosine uptitration from a lower infusion rate to the test rate (18) . Such efforts to gain application of vasodilator stress testing are often clinically important, because there may be no viable noninvasive alternative in exercise or dobutamine. Better would be the development of vasodilators more specifically targeting the coronary vasculature. The direct coronary vasodilators adenosine and dipyridamole act directly on the coronary resistance vessels (the small arterioles and precapillaries) or through their inhibition of intrinsic adenosine degradation, to augment coronary flow and test the CFR (19) (Fig. 1; Tables 1 and 2 ). The method generally leads to abnormalities on MPI, simply with the production of a heterogeneous augmentation of coronary flow in the absence of induced ischemia (20, 21) . In the absence of increasing myocardial oxygen demand, adenosine and dipyridamole uncommonly cause myocardial ischemia by a coronary-steal mechanism. Here, vasodilation and a related falling resistance in the normal bed result in a loss of the pressure gradient driving collateral flow, with withdrawal of collateral supply and resultant ischemia in severely stenotic, dependent beds. When a steal is induced, true ischemia is often accompanied by ischemic ST changes, a highly specific sign of ischemia in the setting of vasodilator stress (22) . The prognostic value of vasodilator stress imaging has generally been shown to be equal to that of maximal and optimal exercise stress imaging.
Adenosine and dipyridamole-which are well able to induce abnormalities of the CFR, generally without inducing ischemia-are the most widely applied pharmacologic stress agents in the nuclear medicine laboratory.
DOBUTAMINE STRESS
In the absence of an ultrasound contrast agent that can directly monitor perfusion, adenosine and dipyridamole find little application to echocardiography, in which induced wall motion abnormalities are sought as the indicator of true coronary ischemia. Because of its ability to augment the determinants of myocardial oxygen demand and test the CFR, dobutamine is applied as an ischemic stress agent. Dobutamine stress MPI has been shown to be more sensitive for CAD diagnosis than is dobutamine stress echocardiography. The agent is applied widely for pharmacologic stress in the echocardiography laboratory but infrequently in the nuclear laboratory because of the ability of scintigraphic methods to monitor the hyperemic response and the related ability to apply the safer, more accurate vasodilator agents (23) .
If dobutamine is ineffective in increasing myocardial oxygen demands, or if the patient develops intolerance early in the administration of dobutamine, its effect on the CFR is blunted. The ability of dobutamine to augment coronary flow and test the CFR is lower than that of adenosine, even when applied to maximal dose (24) . Additionally, although sub- jects are carefully selected with many exclusions, the complication rate is high (25) , and not infrequently the effects of the agent force premature test cessation. The use of dobutamine is prohibited in the setting of acute MI, acute coronary syndromes, uncontrolled hypertension, aortic stenosis, dissecting aneurysms, and other conditions that are aggravated by the effects of the agent. The 3-min stages of the incremental titration dobutamine stress protocol are modeled, for commercial reasons, after the 3-min stages of the standard exercise protocol. Its 2.4-min halftime indicates that the dobutamine dose would be better augmented at intervals of 10-15 min to permit the adequate buildup of drug levels and related effectiveness at each stage. However, commercially this interval would be unacceptable and too time-consuming for clinical application. Those who apply this 3-min interval must do so acknowledging the intrinsic loss of sensitivity early in the test and the potential dangers late in the test, when the earlier dose-related effects accumulate and manifest themselves unpredictably, where a higher dose is infused before the effects of earlier levels can occur. Although, in the absence of any alternative, dobutamine is applied widely by those who seek to use echocardiography as the stressimaging modality, the agent need only rarely and grudgingly be applied in the nuclear laboratory in selected patients without contraindications, when adequate exercise testing is not possible and when the risk of vasodilators is prohibitive.
SELECTIVE A 2A ADENOSINE RECEPTOR AGONISTS The Issue
The mechanism of adenosine-mediated vasodilation of human coronary arteries involves the activation of the adenosine cyclase signaling pathway via the adenosine receptor in the coronary endothelium (Fig. 1) . However, several subtypes of adenosine receptors have been identified that are localized in tissues other than the coronary endothelium. Although the A 2A adenosine receptors are localized on the surface of arterial vascular smooth muscle cells, the A 2B adenosine receptors predominate in the bronchial system and the A 1 -adenosine receptors concentrate in the atrioventricular node. Myocardial perfusion agents demonstrate the hyperemic effects of activating the A 2A adenosine receptors in the coronary circulation, which specifically dilates the arterial vessels (26) . The effects of a coronary vasodilator on A 1 and A 2B adenosine receptors are undesirable (Table 3) .
In just such an effort to minimize these complications and side effects, several adenosine A 2A -specific receptor agonists have been developed, and results appear promising (Fig. 2) (27) . One such agent is now Food and Drug Administration (FDA) approved, and another is in the late phase of clinical trials (28) (29) (30) (31) . Increased heart rate may not always be the simple effect of vasodilation but may be the result of sympathetic stimulation (16) and so unaffected by selective receptor agonists.
The Solution
The ideal features of a vasodilator stress agent include the following: The agent should be a selective A 2A agonist, with reduced side effects; there should be no AV block or bronchospasm, a minimal blood pressure and heart-rate response, and a rapid-effect onset and termination; a simplified delivery requiring no pump and bolus administration of a single dose for all patients would be desirable; and there should be an optimal level and duration of the hyperemic response, long enough to permit radiotracer extraction with short-lived and reduced side effects (27) . Table 4 shows the properties of agents that have long aspired to gain acceptance as A 2A agonists. Two of those shown have been marked with an X to indicate their failure, largely related to their long effect duration and other unfavorable characteristics. One agent, regadenoson, is already FDA approved and available for clinical testing as Lexiscan (Astellas Pharma US, Inc.). Although imperfect, these agents are significantly closer than current agents, and their success and adaptation will depend on their incremental clinical value, compared with current agents. Figure 3 demonstrates the chemical formulae for adenosine, regadenoson, and binodenoson, with some of their physical characteristics (more completely presented in Table  4 ). The similarities of the 2 new synthetic agents to naturally occurring adenosine are clear. Regadenoson most resembles adenosine in its kinetics, with a similar time to onset and peak effects but with a prolonged duration ( Table 4) . Peak augmentation of CFR occurs more rapidly with regadenoson (seconds to minutes) than with binodenoson (several minutes), and the effect of regadenoson is briefer than that of binodenoson (5 vs. 20 min, respectively) ( Fig. 3; Table 4 ), influencing the duration and potentially the safety of the protocol and the potential need for the aminophylline antidote with persistent effects and side effects. Figure 4 demonstrates the clinical protocols for administration of regadenoson and binodenoson. Regadenoson has been formulated to be administered in a fixed-dose bolus, independent of patient weight. The administration of regadenoson, with its moderate receptor affinity, rapid onset, and short but seemingly adequate action duration, provides a swift, simple, and effective clinical protocol lasting 2-3 min. The exact method of binodenoson administration is not yet established, with a protocol lasting about 5-7 min. Both fixed-dose and per-kilogram dosages have been tested. Both agents claim high A 2A receptor selectivity with little or no effect on A 1 , A 2B , or A 3 receptors (31, 32) . Each has demonstrated in animal and human patient studies a high ability to dilate the coronary bed, with increased coronary blood flow, testing the CFR. Phase III patient studies with binodenoson are completed and have been submitted to the FDA.
In animals and human patients (Figs. 5A-5D ), both agents have been shown to incrementally increase coronary flow with increasing dosage (Fig. 5B) up to 3 times, compared with baseline, with a variable effect duration (Fig. 5C ). Given that regadenoson has been FDA approved in a fixed-dose protocol, this result is interesting and even unexpected. Ordinarily, such a dose would be optimal for a few patients, with many receiving relatively excess drug and being overdosed or receiving insufficient amounts of the agent and being underdosed. The effectiveness and safety of the single-dose regimen can be explained only by a high level of agent effectiveness and A 2A receptor selectivity, or major side effects would be expected. Such specificity of receptor effect has been well demonstrated in animals (29) (30) (31) (32) . Like adenosine, regadenoson and binodenoson both modestly reduce arterial pressure in relation to dose (Fig. 5B ). This augmentation of the CFR is blunted with a tight, flow-limiting stenosis (Fig. 5D ). In studies conducted in patients with stress MPS, the size of defects induced generally parallel those seen in association with adenosine in patients with induced ischemia, with similar diagnostic accuracy of coronary disease.
Binodenoson augmentation of CFR has been shown to reach high levels in relation to several infusion rates, with the highest achieved level and the greatest duration in relation to a 1.5 mg/kg/min dosage administered over 3 min. Summed defect scores generated with adenosine correlated well with those using binodenoson in a 1.5 mg/kg bolus dose (Figs. 6A and 6B), with an effect duration of approximately 7-10 min. This duration of effect, although acceptable and potentially efficacious in a clinical protocol, is not as optimal as the 2-to 3-min duration of peak regadenoson effect, which better Data are presented as number of patients, with percentage in parentheses. Medical Dictionary for Regulatory Activities-preferred terms reported by 5% of patients or more in either treatment at any time after start of infusion are shown. Symptoms did not vanish with regadenoson and, in fact, differed little in their frequency, compared with those related to adenosine administration. This similarity may be related, in part, to the methods applied to determine the presence of symptoms. Adapted with permission of (35) . matches the duration required for administration and extraction of the radiopharmaceutical during stress testing.
The ADVANCE phase 3 Multicenter Trial (35) compared the naturally occurring, nonselective vasodilator adenosine with the derived A 2A receptor-specific agonist regadenoson. Adenosine stress MPS was performed in 787 patients who were then randomized to adenosine stress in 267 patients or regadenoson stress in 517 patients. The studies performed with the 2 agents and the studies performed twice with adenosine agreed for the number and size of induced image defects and their reversibility (Figs. 7A and 7B) . A comparison of image findings in a typical case is shown in Figure 7C . Symptoms did not vanish with regadenoson. However, when the nature and frequency of symptoms induced with adenosine and regadenoson were compared, less flushing, dyspnea, headache, chest pain, dizziness, and abdominal discomfort with regadenoson were observed (Table 5 ). In addition, the degree of symptoms must have been extremely diminished, because regadenoson was much better tolerated ( Table 6 ).
The induction of bronchospasm and the safety of regadenoson in patients with chronic obstructive pulmonary disease and asthma were investigated by Thomas et al. (36) . In a masked manner, these authors measured respiratory flow rates and volumes in 49 patients with moderately (FEV 1 5 1.75 l) or severely (FEV 1 5 1.0 l) abnormal air movement with regadenoson and compared findings with those in a placebo group without imaging. Patients on oxygen or steroids or with wheezing before testing were excluded. No significant difference in reduction of FEV 1 or new onset of wheezing between regadenoson and placebo was observed. No patient needed treatment with bronchodilators or oxygen. Leaker et al. (37) conducted a randomized, double-blind, placebo-controlled crossover trial of the effects of regadenoson on airway resistance and FEV 1 in patients with asthma with a positive adenosine monophosphate challenge test. In all cases except 1, the measured ratio of FEV 1 with regadenoson to baseline FEV 1 was significantly increased. FEV 1 in all patients returned to baseline after drug termination, without aminophylline.
Although the agent is FDA approved and will soon be available everywhere, there is much about regadenoson that we do not know as it approaches clinical application. What is not known about the regadenoson includes the use of the agent in patients with bronchospasm, the incidence of AV block, the effect of caffeine, the effect of b-blockers, the meaning of a test with a blunted hemodynamic and symptomatic response, the value of added exercise, the value of transient ischemic dilation, the effects of left bundle branch block, the ability to appreciate related ischemia, the frequency of related ischemia, the safety of the agent with renal insufficiency, the applicability of the agent to stress testing with PET and MRI, and the effects of the singledose protocol (is it related to overdosing or underdosing?).
A SPECULATION
Dipyridamole works slowly and by an indirect mechanism. Infusing this agent in 1 min rather than 4 min, or even bolusing, results in no discernible toxicity but only a question as to the timing of its peak effect and of the radionuclide injection. Adenosine acts rapidly and directly and cannot be bolused without a clear toxic effect. Regadenoson acts rapidly and directly but can be given safely as a single-dose bolus to patients of all weights. Regadenoson avoids toxicity only if its extracoronary effects are blunted, suggesting that it is likely a more specific A 2A agonist than we know. Data are presented as number of patients, with percentage in parentheses, unless otherwise indicated. When symptoms were considered for their tolerability, regadenoson showed a clear advantage. Adapted with permission of (35) .
